The malate dehydrogenase gene, mdh, from Rhizobium leguminosarum encodes a protein with a molecular weight of 33 590 that associates as a homotetramer. It is a lactate dehydrogenase-like malate dehydrogenase that most closely resembles the protein from the colonial green alga Botryococcus braunii. Malate dehydrogenase from R. leguminosarum has a K m of 74 WM and a V max of 822 Wmol min 31 mg 31 protein for oxaloacetate, while the K m for malate is 3.6 mM and the V max 62 Wmol min 31 mg 31 protein. Downstream of mdh are sucCDAB, which encode succinyl-CoA synthetase (sucCD) and the E1 and E2 components of the K-ketoglutarate dehydrogenase complex (sucAB). Complementation and LacZ fusion analysis indicates that there is a common promoter for the mdh-suc genes. Mutation of downstream genes in the mdh-suc operon increases transcription 7-fold from the mdh promoter. The transcriptional coupling of mdh and sucCDAB is likely to be important in the regulation of carbon and nitrogen metabolism in bacteroids. ß
Introduction
We have previously identi¢ed the gene for malate dehydrogenase (mdh) from Rhizobium leguminosarum in a cluster, with the order mdh-sucCDAB [1] . SucCD encodes respectively the L-and K-subunits of succinyl-CoA synthetase, while sucAB encodes the 2-oxoglutarate dehydrogenase component (E1) and the dihydrolipoamide succinyltransferase component (E2) of the 2-oxoglutarate dehydrogenase complex. Mutation of downstream genes results in a higher enzyme activity for the products of those upstream, suggesting that these genes may constitute an operon [1] .
While it has been shown that all the enzymes of the TCA cycle are present in bacteroids, labelling evidence suggests that unrestricted cycling may not occur [2] . In soybeans, aconitase can be mutated without preventing nitrogen ¢xation [3] . The 2-oxo-glutarate dehydrogenase complex has also been mutated in Bradyrhizobium japonicum and while nitrogen ¢xation is both delayed and severely reduced on the basis of the nodule wet weight, the level of nitrogen ¢xed per bacteroid is similar to that of the wildtype [4] . B. japonicum may be di¡erent from Sinorhizobium meliloti and R. leguminosarum, where bacteroids with mutations in isocitrate dehydrogenase [5] and succinyl-CoA synthetase or 2-oxoglutarate dehydrogenase cause the formation of ine¡ective nodules [1] . A key question regarding the regulation of dicarboxylate catabolism in Rhizobium is whether the gene cluster mdh-sucCDAB constitutes an operon and, if so, how it is regulated. We therefore investigated this in R. leguminosarum and show that the mdh-sucCDAB genes do constitute an operon controlled by the mdh promoter.
Materials and methods

Bacterial strains and growth media
Bacterial strains, bacteriophage and plasmids used in this study are described in Table 1 . R. leguminosarum strains were grown at 28³C on either TY or acid minimal salts (AMS) medium (pH 7.2) [6] . All carbon and nitrogen sources were at 10 mM unless otherwise stated. Chemostat cultures were grown as previously described, with mannitol (10 mM) as the carbon source and limiting phosphate (80 WM) [7] . Dilution rates were varied from 0.02 to 0.2. Antibiotics were used at the following concentrations in Wg ml 31 : kanamycin 40, streptomycin 500, tetracycline 2 (in AMS) and 5 (in TY). Escherichia coli strains were grown at 37³C on LB, with antibiotic concentrations in Wg ml 31 as follows: tetracycline 10 and ampicillin 50.
Sequencing and DNA analysis
Sequencing was performed on both strands by the cycle sequencing method using Thermosequenase according to the manufacturers instructions. Samples were run on a Pharmacia ALF express £uorescent DNA sequencer. The EMBL accession number of mdh from R. leguminosarum strain 3841 is AJ002750.
Genetic manipulations
Conjugations were performed as previously described [8] . Several fragments of the cosmid pRU3004 were cloned in both orientations in the broad host range vector pRK415-1 and used to complement various mutations (Table 1, Fig. 1 ). This vector contains a lacZ promoter, which is constitutive in R. leguminosarum. Transcriptional lacZ fusions were constructed from various fragments of the mdh-suc gene cluster in the broad host range vector pMP220. In all cases, the starting plasmids were pRU448 or pRU449 (Fig. 1) , which contain mdh and the 5P-end of sucC in opposite orientations in pBluescript SK3. An 850-bp PstI fragment from pRU448 was cloned into pMP220 to create a mdhlacZ fusion (pRU465). A 1-kb PstI fragment from Fig. 1 . Map of the mdh-sucABCDoperon. Tn5 insertions are shown as a hollow ball and stick, Tn5-lacZ as a ¢lled ball and stick. As appropriate, transposons are labelled with either the cosmid number or mutant strain in which they are located. Subclones of pRU3004 are shown with a small arrow indicating the direction of transcription from the lacZ promoter. Large hollow arrows indicate fusions to a full length promoterless lacZ. Restriction sites are: B, BamHI; E, EcoRI; P, PstI; S, SalI; Ss, SstI. Restriction sites shown with a star are derived from the polylinker of a cloning vector, not pRU3004. The right hand PstI sites in pRU386 and pRU387 are derived from Tn5-lacZ. The parent plasmids are described in Table 1. pRU449 was cloned into pMP220 to create a sucClacZ fusion (pRU466). The reverse orientation of the 1-kb PstI fragment in pRU466 was used as a control lacZ fusion (pRU468). A 1.8-kb XbaI/KpnI fragment from pRU449 was cloned into pMP220 to create a mdh-sucC-lacZ fusion (pRU467). All these fusions are shown in Fig. 1 and summarised in Table 1 . The L-galactosidase activity of all lacZ fusions was measured as previously described [8] . In all cases, cultures were grown on AMS with various carbon sources at 10 mM and with NH 4 Cl (10 mM) as the nitrogen source.
Expression of R. leguminosarum mdh was shown by transforming E. coli strain 16654 (mdh: :TnphoA) with pRU448, which contains mdh from R. leguminosarum under the control of the lac promoter. pBluescript SK3 was used as a negative control. Cultures (500 ml) were grown overnight on LB PstI fragment (5 kb) from pRU3068 cloned in pIJ1891, expressed from the lacZ promoter This work pRU387
The same as pRU386 but PstI fragment in the opposite orientation This work pRU397
PstI fragment (7 kb) containing sucB from pRU3004 cloned in pRK415-1, expressed from the lacZ promoter
This work pRU398
The same as in pRU276 but EcoRI fragment in the opposite orientation This work pRU446
SalI (1.6 kb) fragment from pRU3004 containing the end of sucB in pBluescript SK3 This work pRU448
SalI (1.8 kb) fragment from pRU3004 containing mdh in pBluescript SK3, expressed from the lacZ promoter
This work pRU449
The same as pRU448 but SalI fragment in the opposite orientation This work pRU465
PstI (0.85 kb) fragment from pRU448 in pMP220:mdh-lacZ fusion This work pRU466
PstI (1 kb) fragment from pRU449 in pMP220:sucC-lacZ fusion This work pRU467
XbaI/KpnI (1.8 kb) fragment from pRU449 in pMP220, mdh-sucC-lacZ fusion This work pRU468
The same insert as pRU466 but in the opposite orientation. The control for assay of lacZ activity
This work pRU3004
Cosmid from strain 3841 containing mdh-suc region
Cosmid pRU3004 sucA: :Tn5-lacZ
Cosmid pRU3004 mdh: :Tn5-lacZ [1] with IPTG (40 Wg ml 31 ), harvested by centrifugation and the enzyme extract was prepared and assayed as described below.
Enzyme assays and protein puri¢cation
Cells were centrifuged at 6000 rpm for 15 min in a Sorvall GS-3 rotor, the pellet was resuspended in 20 mM phosphate (pH 7.2) bu¡er and spun again at 6000 rpm for 15 min. The washed pellet was resuspended in ice cold 40 mM phosphate bu¡er (pH 7.2) containing 2 mM dithiothreitol and was ruptured by two passages through a French pressure cell at 70 MPa.
Malate dehydrogenase (Mdh) (EC 1.1.1.37) was assayed routinely using 50 mM potassium phosphate bu¡er (pH 7.8), 0.2 mM NADH and 2 mM oxaloacetic acid [9] . Mdh was assayed in the reverse direction (malate to oxaloacetic acid) using 100 mM HEPES (pH 8.5), 0.2 mM NAD and 10 mM malate.
Mdh from R. leguminosarum was puri¢ed on a 10-ml triazanyl dye a¤nity column (Procion Red, reactive red 120-agarose type 300CL Sigma), as previously described [10] . The eluate was dialysed overnight at 4³C with several changes of 10 mM phosphate bu¡er pH 7.2 plus 2 mM dithiothreitol.
Results
Sequence analysis of mdh
Sequencing was performed on both strands of a 1.8-kb SalI fragment containing all of mdh and the 5P-end of sucC (pRU448) (Fig. 1) (EMBL AJ002750). The predicted mdh encoding region contains 320 amino acids, has a molecular weight of 335 90 and a pI of 5.54. A putative ribosome binding site (AGGA) is present 10 bp upstream of the translational start. Conserved residues known to bind substrate and participate in catalysis are found at Arg-83, Arg-89, Asp-149, Arg-152 His-176 and Ala-231 [11] . Residues 10^15 contain the glycine motif GXGXXG known to be characteristic of lactate dehydrogenases and the lactate-like Mdhs [12] . The LDH-like Mdhs were originally found in phototrophic bacteria but now include a number of species including Bacillus subtilis, Bacillus israeli and Botryococcus braunii. R. leguminosarum mdh is 68% identical over 319 residues with mdh from B. brauni, a colonial eukaryotic green alga, 53% identical over 311 residues with mdh from B. subtilis and 52% identical to lactate dehydrogenase from Toxoplasma gondii.
Upstream of mdh, there is an open reading frame, in the same direction, showing a high identity to ATPases from Haemotobia irritans (39% identity over 56 residues), E. coli (36% identity over 49 residues) and Saccharomyces cerevisiae (35% identity over 51 residues). This sequence appears to resemble members of the AAA-like family, which regulate a number of di¡erent functions [13] . There is a 178-bp intergenic region between the gene encoding the putative ATPase and mdh, which contains a rho-independent transcriptional terminator (AATGTAT-TACGTTTACGTAAGATTTT, bp 303^328 of EMBL AJ002750) starting 15 bp downstream of the stop codon of the ATPase.
As expected from our previous mapping of the mdh and suc genes, an open reading frame begins 38 bp downstream of mdh that encodes sucC. It shows a high identity with succinyl-CoA synthetase from Rickettsia prowazekii (47% identity over 125 residues) and E. coli (45% identity over 125 residues).
Expression of R. leguminosarum mdh in E. coli strain 16654
In a previous study, we were unable to mutate mdh in R. leguminosarum, suggesting that it may be essential for growth of this obligate aerobe [1] . Since it was not possible to use mutational analysis to con¢rm the loss of Mdh activity, we expressed the rhizobial mdh in an E. coli mutant (strain 16654) lacking Mdh activity. A clone of R. leguminosarum mdh regulated by the lacZ promoter (pRU448, Fig. 1 ) was transformed into E. coli strain 16654. Strain 16654, containing pRU448, induced with IPTG, had a 0.37 Wmol min 31 mg 31 protein Mdh activity, while strain 16654 containing pBluescript SK3 lacked any detectable Mdh activity. The activity detected in strain 16654 containing pRU448 is quite low given the copy number of pBluescript SK3. While mdh may not be highly expressed or the pro-tein may not fold optimally in E. coli, it should be noted that the lacZ promoter must read through the transcriptional terminator located 15 bp downstream of the stop codon of the ATPase.
Complementation analysis of the mdh-suc operon
From previous work, we know that the gene for mdh is clustered with sucCDAB, which respectively encodes L-and K-subunits of succinyl-CoA synthetase and the E1 and E2 components of the 2-oxoglutarate dehydrogenase complex [1] (Fig. 1) . Mutation of downstream genes resulted in a higher enzyme activity for the products encoded upstream, suggesting that this gene cluster may constitute an operon [1] . To test this, suc mutants were analysed for complementation of growth on arabinose by subclones of the cosmid pRU3004 (Fig. 1) . The subclones were made in the vector pRK415-1 and were tested in both orientations relative to the lacZ promoter, which is constitutive in R. leguminosarum. Mutations in sucC (RU725) or sucD (RU116) were not complemented by pRU277 or pRU278, which contain both genes, regardless of the orientation of the lacZ promoter. This demonstrates that mutations in sucC or sucD are polar on a downstream gene(s). Consistent with pRU181 that did not complement RU116 (sucD). The sucB mutant (RU726) was complemented by pRU276 and pRU397, which contain the sucB gene regulated by the lacZ promoter. However, pRU398 and pRU182, which contain the same inserts as pRU276 and pRU397, respectively, but in the opposite orientation relative to the lacZ promoter, did not complement RU726. Thus, while sucB does not have its own promoter, it does not appear to be polar on a downstream gene(s) required for growth on arabinose. While it is possible that there are other genes in this operon not required for growth on arabinose, sucB may be the last gene in the proposed operon. To investigate this region, the SalI fragment containing the 3P-end of sucB was cloned (pRU446) and sequenced on one strand. The ¢rst 80 bp of this clone encode the last 26 residues of sucB, while the next 1.3 kb do not have a signi¢cant homology to anything in the EMBL database. The last 300 bp have an open reading frame homologous to acyl carrier protein reductases (47% identity to E. coli ygfF and 48% identity to a Synechocystis sp fabG). This open reading frame runs in the same direction as sucB.
Since the promoter used by sucB must be upstream, the closest possibility is upstream of the next gene, sucA. A PstI fragment, which contains an active sucA: :lacZ fusion in pRU3068 (3118.7 nmol min 31 mg 31 protein), was cloned in both orientations into pIJ1891, creating pRU386 and pRU387. These clones contain all of lacZ and most of the upstream sucD gene (Fig. 1) . When the lacZ promoter in the polylinker of pIJ1891 is oriented correctly with respect to sucA (pRU386), the fusion is highly active (1336 nmol min 31 mg 31 protein), while sucA: :lacZ in the opposite orientation (pRU387) only has a background activity (95.4 nmol min 31 mg 31 protein). Thus, sucA also lacks a signi¢cant promoter, placing the promoter for the suc genes even further upstream. The polarity of the sucC mutant (RU725) on downstream genes suggests that the operon promoter is upstream of sucC or mdh. To test this, lacZ fusions were made to mdh (pRU465), sucC (pRU466) and mdh-sucC (pRU467) using the transcriptional promoter probe vector pMP220 (Fig. 1) . In all cases, the starting plasmids were pRU448 or pRU449 (Fig. 1) , which contain mdh and the 5P-end of sucC in opposite orientations in pBluescript SK3. An 850-bp PstI fragment from pRU448 was cloned into pMP220 to create a mdhlacZ fusion (pRU465). A 1-kb PstI fragment from pRU449 was cloned into pMP220 to create a sucClacZ fusion (pRU466). The reverse orientation of the 1-kb PstI fragment in pRU466 was used as a control lacZ fusion (pRU468). A 1.8-kb XbaI/KpnI fragment from pRU449 was cloned into pMP220 to create a mdh-sucC-lacZ fusion (pRU467). All these fusions are shown in Fig. 1 and summarised in Table 1 . In all cases, cultures were grown on AMS with various carbon sources at 10 mM and with NH 4 Cl (10 mM) as the nitrogen source. These were conjugated into strain 3841. The mdh: :lacZ fusion (pRU465) and mdh-sucC: :lacZ (pRU467) are both active at similar levels suggesting that a single promoter is present (Fig. 2) . However, the sucC: :lacZ fusion (pRU466) also has a signi¢cant activity, approximately 40% of the activity of mdh: :lacZ in strain 3841. The absolute activity of the mdh-lacZ fusion in pMP220 (pRU465) is only 10% of the activity of the cosmid mdh-lacZ fusion pRU3070 (256 versus 2452 nmol min 31 mg 31 protein). While it is not apparent why there should be such a di¡erence, the fusions in pRU465 and pRU3070 are not in the same place in the mdh gene. Furthermore, di¡erent mdh and suc fusions in cosmid pRU3004 vary greatly in LacZ activity (data not shown).
It has previously been observed that mutation of sucA increases the speci¢c activity of the upstream gene products Mdh and succinyl-CoA synthase [1] .
To examine whether this is a transcriptional e¡ect mediated by the mdh promoter, mdh: :lacZ (pRU465), mdh-sucC: :lacZ (pRU467) and suc-C: :lacZ (pRU466) fusions were conjugated into RU116, which is mutated in sucD, and the LacZ activity was compared to the wild-type strain 3841 containing the same plasmids (Fig. 2) . The activity of the mdh: :lacZ fusion (pRU465) in strain RU116 was elevated 7-fold relative to strain 3841, which is similar to the 3.5^4.5-fold increase in speci¢c enzyme activity in these strains. The mdh-sucC: :lacZ fusion also showed a 4-fold increase in strain RU116, while the sucC: :lacZ fusion was inactive (Fig. 2) . These data are consistent with the mdh gene containing the principal physiologically signi¢cant promoter for the mdh-suc operon. The weak activity obtained with the sucC fusion (pRU466) in the wild-type is reduced to an undetectable level in strain RU116. This strongly suggests that the low activity of the sucC-lacZ fusion in the wild-type is due to the high background of the promoter probe vector pMP220 and is not due to the presence of a signi¢cant sucC promoter.
The response of the mdh promoter to several different growth substrates was also investigated (Fig.  2) . There are only small changes in activity for most substrates relative to succinate, with the exception of arabinose, which resulted in a 2.5-fold increase. Arabinose is converted directly into K-ketoglutarate in R. leguminosarum [14] , suggesting that there may be a signi¢cant role for K-ketoglutarate levels in regulating the mdh promoter. This might also contribute to the 7-fold increase in activity of the mdh promoter seen in suc mutants, since these strains produce large quantities of K-ketoglutarate because they are blocked for breakdown of this substrate. It is of course possible that this increased transcription is not a direct response to K-ketoglutarate but may be due to a related metabolite or metabolic product, including glutamate, which rapidly builds up in suc mutants [1] . It would be of interest to test acetate and hydroxybutyrate but these substrates will not support growth of strain 3841.
Properties of Mdh
Mdh was puri¢ed 120-fold in a single step on a Procion Red column to a ¢nal speci¢c activity of 716
Wmol min 31 mg 31 protein. This resulted in a single major band on SDS-PAGE gels, with a molecular weight of 36 000, which is similar to the molecular weight of 33 590 deduced from the DNA sequence. On a SEPHACRYL S-300 gel ¢ltration column, the native enzyme migrated with an approximate molecular weight of 115 000. Although this estimate is slightly low, it suggests that the enzyme associates as a homogeneous tetramer and not as a dimer. These values are similar to those for Mdh puri¢ed from soybean bacteroids [15] . Puri¢ed Mdh has a pH optimum of 8 for the reduction of oxaloacetate but in the direction of malate, the oxidation activity continued to increase steadily up to the maximum pH tested of 10.5. The K m for oxaloacetate was 74 þ 0.01 WM (S.E.M., n = 3) with a V max for reduction of 822 þ 32 Wmol min 31 mg 31 protein (S.E.M., n = 3). More importantly, the K m for L-malate was 3.6 þ 0.3 mM (S.E.M., n = 3) with a V max for oxidation of 62.4 þ 1.9 Wmol min 31 mg 31 protein (S.E.M., n = 3). Both puri¢ed and crude Mdh were very unstable when incubated at 30³C, with a half-life of less than 5 min. This loss in activity could be largely prevented by NAD (10 mM), L-malate (10 mM) or glycerol (50%).
The speci¢c activity of Mdh is remarkably variable, with activity varying in this study from 6 to 0.2 Wmol min 31 mg 31 protein. Furthermore, in one study using the same strain used here, the activity of Mdh in chemostat culture was 0.12 Wmol min 31 mg 31 protein [16] . Since in the same study, bacteroid Mdh was 2.4 Wmol min 31 mg 31 protein, it was suggested that Mdh and several other TCA cycle enzymes are speci¢cally induced/derepressed in bacteroids. To test this, strain 3841 was grown on TY, glucose minimal medium with phosphate at 10 mM and in glucose minimal medium with phosphate limited at 40 WM and the respective Mdh activities were 1.9 þ 0.3, 1.3 þ 0.5 and 0.4 þ 0. 
Discussion
The data in this study demonstrate that Mdh, succinyl-CoA synthetase as well as the E1 and E2 components of the K-ketoglutarate dehydrogenase complex form an operon that is transcribed principally from a promoter upstream of mdh. This is a very di¡erent organisation from E. coli where mdh is neither near the suc genes nor coordinately regulated with them. Instead, citrate synthase (gltA) and the succinate dehydrogenase genes (sdhABCD) are immediately upstream of sucABCD [17] . In E. coli, the principal promoter regulating sucABCD is the sdh promoter, not the mdh promoter as seen in R. leguminosarum [17] . A proper appreciation of the role of the sdh promoter in regulation of the suc operon was obscured until recently by RNAse degradation of such a large polycistronic operon [18] . It required a double RNAse mutant background (rnc, rne) to be able to determine that the sdh and suc genes share a common promoter. Since such mutants are not available in R. leguminosarum, we used complementation and LacZ fusion analysis to locate the position of the mdh-suc promoter. In B. subtilis, the gene for Mdh is downstream of genes for citrate synthase and isocitrate dehydrogenase [19] , while in Thermus £avus, the genes for succinyl-CoA synthetase are upstream of mdh [20] . While there is no obviously conserved operon structure between di¡er-ent bacteria, the central role of the TCA cycle in cellular metabolism suggests that these di¡erences may be signi¢cant. In the case of R. leguminosarum, its operon structure ensures that two of the principal dehydrogenase complexes at either side of the initial condensation reaction of oxaloacetate and acetylCoA which form citrate are transcriptionally coupled. In E. coli, the TCA cycle splits into two linear pathways under anaerobic conditions. One branch, from oxaloacetate to succinyl-CoA, is reductive while the second branch, from citrate to K-ketoglutarate, is oxidative [21] . To facilitate this split to a non-cyclic pathway, succinate dehydrogenase and Kketoglutarate dehydrogenase are highly repressed under anaerobic conditions [22, 23] . As an obligate aerobe, R. leguminosarum presumably does not require such a drastic change in the regulation of the TCA cycle. The regulation of Mdh, K-ketoglutarate dehydrogenase and succinyl-CoA synthetase activities by one principal promoter makes such a split di¤cult. It has been reported that sucA is clustered with genes for succinyl-CoA synthetase and Mdh in B. japonicum [24] . Unlike the situation in R. leguminosarum, a sucA mutant of B. japonicum was not altered in Mdh activity [24] . While the position of mdh in B. japonicum relative to sucA was not reported, there must be signi¢cant di¡erences in regulation between the two species. This suggests that mdh and sucA may not be co-regulated in B. japonicum as they are in R. leguminosarum. Similar to R. leguminosarum, a chemical mutant of S. meliloti that lacked 2-oxoglutarate dehydrogenase activity had a 3.7-fold increase in Mdh activity and a 4.7-fold increase in succinyl-CoA synthetase activity [25] . This suggests that there may be a similar regulation between S. meliloti and R. leguminosarum, contrasting with that in B. japonicum.
Oxidation of a C 4 -dicarbxoylic acid requires appropriate partitioning of malate between malic enzyme and Mdh to produce pyruvate and oxaloacetate, respectively, which can condense to form citrate. The kinetic constants of Mdh and malic enzyme are therefore key parameters in understanding bacteroid carbon £ux. If even a slight excess of carbon from malate is converted to pyruvate rather than oxaloacetate, then, there will be an accumulation of products derived from pyruvate such as polyhydroxybutyrate and alanine. The coordinate control of expression of Mdh and 2-oxoglutarate dehydrogenase in bacteroids, where 2-oxoglutarate dehydrogenase activity is inhibited, may drive production of keto acids and lead to amino acid synthesis, in particular glutamate.
